In surveys conducted in Canada between 1967 and 1988, the blueberry maggot, Rhagoletis mendax Curran (Diptera: Tephritidae), was found in Nova Scotia, Prince Edward Island and New Brunswick (Canadian Food and Inspection Agency [CFIA] 2012). The insect was Þrst noted in Quebec in 1996, and in Ontario in 1999. In response, a pest risk assessment was initiated by CFIA to determine the potential of establishment in uninfested areas, notably the Lac St-Jean region, where Ϸ85% of managed surfaces of Quebec lowbush blueberries (Vaccinium angustifolium Aiton) are produced (Ministè re de lÕAgriculture des Pê cheries et de lÕAlimentation du Qué bec [MAPAQ] 2011) . At the time of this writing, R. mendax is absent from the Lac St-Jean region, where blueberries are produced without insecticide treatment.
To prevent further advances of the blueberry maggot in uninfested areas, CFIA issued its Directive D-02-04 in 2002 that addresses pre-and postharvest situations (CFIA 2011) . Concerning postharvest situations, Appendix 11 states that before moving reusable fruit containers originating from infested to uninfested areas, the containers must be subjected to one of the following treatments: 1) hot water treatment; 2) methyl bromide fumigation; or 3) each container must be a) washed with water under pressure and b) frozen for a period of at least 40 consecutive days at a maximum temperature of 0ЊC.
Physical control methods have been widely researched for insect management, notably in postharvest situations Denlinger 1998, Vincent et al. 2003) . One example is the use of gamma irradiation against blueberry maggot larvae (Hallman and Thomas 1999). Prange and Lidster (1992) found that at 54% CO 2 (controlled atmosphere, 2Ð5% O 2 , 21ЊC), R. mendax larval mortality was 91% after 48 h, while fresh fruit quality was not adversely affected; hence, it is an unsuitable procedure for quarantine purposes. A 16 d exposure at Ϫ16ЊC killed 100% of Rhagoletis indifferens Curran (Tephritidae) pupae (AliNiazee 1975) .
We determined the supercooling point of blueberry maggot pupae as about Ϫ22.6ЊC, therefore we decided to focus on the effect of cold (Ϫ20ЊC) temperatures on mortality of R. mendax, as it applies to postharvest conditions. The aim is to kill larvae or pupae that would stick to reusable containers after emptying them from berries, thus allowing organizations that process fruit to comply with the intent and requirements of Directive D-02-04 before reshipping the reusable containers to uninfested areas.
Materials and Methods
Determination of Cooling Pattern in a Group of Reusable Containers. When a group of containers is put in a large commercial cooler at Ϫ20ЊC, the temperature at various points decreases according to a cooling pattern as a function of time. Determination of cooling patterns in a group of reusable containers was done in August 2011 and 2012 in a commercial facility of a company that processes fruit (Fruit dÕOr Inc., Villeroy, QC, Canada). Each container measured 50 by 40 by 15 cm, and when 20 containers were stacked, a pile measured 165 cm in height. Thus, when six piles of containers were closely grouped as a pallet, the pallet measured 165 by 121 by 102 cm ( Fig. 1A and B) . The inner distance left between two superposed containers was 13 cm. Eight electronic temperature loggers (Optic Stowaway Temp and Hobo Water Temp Pro v2, Onset Computer Corporation, Pocasset, MA; Fig. 1 F) were positioned at various places (Fig. 1C, D , and E) near the center of a group of empty reusable plastic containers put in an industrial cooler set at Ϫ20ЊC. The loggers took temperature measurements every minute. The procedure was done four times, i.e., three times in August 2011 and once in August 2012.
Effect of Cold Temperature on Blueberry Maggot Pupae. The cooling pattern determined in a commercial setting with a group of empty reusable containers was mimicked by Þlling a plastic cooler (Coleman, 53 by 33 by 32 cm; Coleman Co., Wichita, KS) with vermiculite, and closing its lid. Vermiculite acted as an insulating material such that the cooling pattern of the setup in the laboratory approximated that found in commercial conditions. The cooler was placed in a cold storage chamber set at Ϫ20ЊC. After 8 h, the lid was removed to allow the temperature to decrease to Ϫ20ЊC.
In 2011, fruit were harvested in Nova Scotia on 17 August. Pupae were collected from moistened sand (Ϸ1 cm in width) on 6 September, and sent to SaintJean-sur-Richelieu on 7 September. In 2012, fruit were collected near (Ϸ200 m) the Ecological Reserve Pin Rigide, QC, and were laid on sand to allow pupation of blueberry maggot. Six weeks later, the sand was sifted to extract pupae for experiments. Groups of 25 pupae were randomly grouped and transferred into 24 petri dishes (100 mm in diameter ϫ 15 mm). The petri dishes were introduced and positioned randomly in the plastic cooler that was then Þlled with vermiculite. An electronic temperature logger positioned in the cooler recorded temperature every minute. The pupae were subjected to Ϫ20ЊC for 2, 4, 7, 10, and 15 d. Control pupae were stored immediately at 4ЊC. At the end of each duration of the treatment, pupae were removed from the cooler, covered with moist sand (to prevent molds), and placed at 4ЊC for at least 181 d for completion of diapause (Teixeira and Polavarapu 2005) . They were then transferred into a growth chamber set at 25ЊC, 70% relative humidity (RH), and a photoperiod of 16:8 (L:D) h. Adult emergence spanned Ϸ21 d. After emergence of adults, the sand was carefully examined for empty pupal cases, dead adults caught in puparia, or dead pupae.
Effect of Cold Temperature on Blueberry Maggot Larvae Concealed in Berries.
Collected wild berries were randomly assigned to lots of 2 liters (Ϸ2,500 berries) corresponding to each duration of exposure to Ϫ20ЊC. The fruit of each lot were distributed in 12 petri dishes (150 mm in diameter ϫ 25 mm) that were wrapped together in a plastic bag to prevent escape of larvae before the temperature decreased to Ϫ20ЊC, and to facilitate their removal after each exposure period. The bags containing petri dishes were positioned randomly in a cooler that was then Þlled with vermiculite. An electronic temperature logger was positioned in the cooler to monitor changes in temperature. The fruit were subjected to Ϫ20ЊC for 2, 5, 8, and 13 d. Control fruit were stored immediately at 4ЊC. At the end of each exposure period, the fruit were removed from the cooler and placed on sand (Ϸ1 cm in width) in 1-liter plastic containers for 3Ð 4 wk to allow surviving larvae to pupate. The pupae from each container of fruit were extracted from sand, counted, deposited in a petri dish (100 mm in diameter ϫ 15 mm), and covered with moist sand (Ϸ5 mm in width). They were stored at 4ЊC for 200 d before being transferred to a growth chamber (set at 25ЊC, 70% RH, and a photoperiod of 16:8 [L:D] h) to allow emergence of adults. Adult emergence lasted Ϸ21 d. After emergence of adults, the sand was carefully examined for empty puparia, dead adults caught in puparia, or dead pupae. This ensured that emergence counts were reliable and the remaining individuals were dead.
Results and Discussion
As the eight electronic temperature loggers provided similar cooling patterns across the four times, we reproduced representative results of one run in Fig. 2 . Soon after the group of containers was put in an industrial cooler at Ϫ20ЊC, the temperature decreased sharply and required Ϸ600 min to reach Ϫ20ЊC. It remained slightly below Ϫ20ЊC from 600 to 4,200 min.
In the control, the average percentage of adults that emerged was 64.0 (Ϯ5.6) and 39.0 (Ϯ8.0) in 2012 and 2013, respectively (Table 1) . No adults emerged in May 2012 from pupae treated for Ն2 d at Ϫ20ЊC in fall 2011. Two adults emerged in May 2013 from pupae treated for 2 d at Ϫ20ЊC in fall 2012. No adults emerged from pupae subjected to Ϫ20ЊC for 4, 7, 10, and 15 d (Table 1) .
After treatment of larvae concealed in berries, the average number of pupae found in the sand was 57.00 (Ϯ2.18), 0.69 (Ϯ0.36), and 0.08 (Ϯ0.08) for the control, 2-, and 5-d treatment, respectively, at Ϫ20ЊC. No pupae were found in the sand when larvae were subjected at Ϫ20ЊC for 8 and 10 d. The emergence of adults from larvae treated at Ϫ20ЊC while they were concealed in berries spanned from 9 to 29 May 2013. In the control, the average % of adults that emerged in 2013 was 22.9 (Ϯ1.7). No adults emerged after treatment at Ϫ20ЊC during 2, 5, 8, and 10 d.
Cold temperatures (i.e., Ϫ20ЊC) can be a valuable nonpesticidal method to kill R. mendax larvae and pupae associated with containers. This procedure can be implemented in commercial settings having to deal with large volumes of reusable containers, and thus become an environmentally safe alternative to the treatments outlined in Appendix 11 of Directive D-02-04 of CFIA (2011). 
